Abstract We estimated the brightness temperature of radio zebras (zebra pattern -ZP), considering that ZPs are generated in loops having an exponential density profile in their cross-section. We took into account that when in plasma there is a source emitting in all directions, then in the escape process from the plasma the emission obtains a directional character nearly perpendicular to the constant-density profile. Owing to the high directivity of the plasma emission (for emission at frequencies close to the plasma frequency) the region from which the emission escapes can be very small. We estimated the brightness temperature of three observed ZPs for two values of the density scale height (1 and 0.21 Mm) and two values of the loop width (1 and 2 arcsec). In all cases high brightness temperatures were obtained. For the higher value of the density scale height, the brightness temperature was estimated as 1.1 × 10 15 -1.3 × 10 17 K, and for the lower value as 4.7 × 10 13 -5.6 × 10 15 K. These temperatures show that the observation probability of a burst with ZP, which is generated in the transition region with a steep gradient of the plasma density, is significantly higher than for a burst generated in a region with smoother changes of the plasma density. We also computed the saturation energy density of the upper-hybrid waves (which according to the double plasma resonance model are generated in the zebra source) using a 3D particle-in-cell model with the losscone type of distribution of hot electrons. We found that this saturated energy is proportional to the ratio of hot electron and background plasma densities. Thus, comparing the growth rate and collisional damping of the upper-hybrid waves, we estimated minimal densities of hot electrons as well as the minimal value of the saturation energy density of the upper-hybrid waves. Finally, we compared the computed energy density of the upper-hybrid waves with the energy density of the electromagnetic waves in the zebra source and thus estimated the efficiency of the wave transformation.
Introduction
Fine structures of solar radio bursts are very important for understanding flare energy-release processes and diagnostics of the flare plasma. Among various fine structures the most intriguing one is the zebra structure (ZP -zebra pattern) occurring in Type IV radio bursts. In radio spectra it appears as several parallel stripes distributed uniformly in frequency; see examples bellow. Usually the number of such zebra stripes in ZP is large (> 5 − 8, sometimes even exceeding 20).
There are still questions about the generation mechanism of these ZPs. Among many proposed models (Zheleznyakov and Zlotnik, 1975; LaBelle et al., 2003; Bárta and Karlický, 2006; Kuznetsov and Tsap, 2007; Tan, 2010; Karlický, 2013) , the most commonly accepted model is that based on the double-plasma resonance (DPR) (Zlotnik, 2013; Karlický and Yasnov, 2015) . Based on this model, most of the observed characteristics of ZPs were explained: the frequency range, polarization, amount of stripes and their frequencies, their high-frequency limit, and their temporal changes.
However, up to now in the literature there are only a few estimations of the ZP brightness temperature, which is important for further specification of the generation mechanism of ZPs. For example, Chernov et al. (1994) estimated the brightness temperature of metric ZPs to be 10 10 K with the source size constrained by the Nançay Radioheliograph.
Further estimation of the ZP brightness temperature (T b = 10 13 K) was by Chernov, Yan, and Fu (2003) , where the ZP consisted of spiky superfine structures; see also Chernov (2006) . On the other hand, Chernov (2006) states that the metric ZP radio sources occupy a noticeable part of the background continuum source or even the entire active region. The half-width of one source of the metric ZP was about 1.9 arcmin, which gives a brightness temperature of 10 10 K. Using the Siberian Solar Radio Telescope (SSRT), Altyntsev et al. (2005) observed a ZP burst at ≈ 5.7 GHz (the highest frequency ever reported for ZP emission), which yielded a lower limit of T b ≈ 2 × 10 7 K. Chen et al. (2011) estimated the lower limit for the decimetric ZP brightness temperature as 1.6 × 10 9 K. Finally, Tan et al. (2014) estimated the brightness temperature of a decimetric ZP as T b ≈ 2 × 10 11 K. In the present article we estimate the brightness temperature of ZP considering that a ZP is generated in the loop having in its cross-section an exponential density profile. In this case, the ZP source size and brightness temperature depend on the loop cross-section size. Furthermore, using a 3D particle-in-cell model with the loss-cone type of distribution of hot electrons, we compute the energy density of the upper-hybrid waves. Then this energy density is compared with that of the electromagnetic waves and thus the efficiency of the wave transformation (which is not well known) is estimated. Figure 1 . Maximum escape angle of the plasma emission in conditions of the double-plasma resonance depending on the gyro-harmonic number s.
Sizes of the Zebra Source
If in a plasma there is a source emitting in all directions then the emission during its escape process obtains directional character. The range of angles ≤ Θ max , in which the emission escapes, can be expressed as (Zheleznyakov, 1997 )
where ω L is the plasma frequency in the source and ω is the emission frequency.
In the conditions of a double-plasma resonance, the ratio of these frequencies is )
where s is the gyro-harmonic number.
In Figure 1 the maximum escape angle of the plasma emission for the doubleplasma resonance in the dependance on the gyro-harmonic number s is shown.
Owing to the high directivity of the plasma emission (for emission frequency close to the plasma frequency), the region from which the emission escapes can be very small. This is connected with the fact that the emission region in the flare loop at a fixed frequency is not flat, due to the density inhomogeneity across the loop (the maximum density is expected at the loop axis). It has a convex form and thus the emission with a high directivity (having the maximum value in the direction perpendicular to the constant-density layer) can reach an observer only from a limited region. Watko and Klimchuk (2000) showed that the width of loops close to their footpoints, where the decimetric bursts are generated, is about 0.5 arcsec (0.36 Mm), and the typical width of higher loops is about 1 arcsec. Note that the decimetric ZPs are generated in loops at low heights (about 3 Mm) Yasnov, Karlický, and Stupishin, 2016) . The width of some loops can be even smaller. For example, Peter et al. (2013) found tiny 1.5 MK loop-like structures that they interpret as miniature coronal loops. Their coronal segments above the chromosphere have a length of only about 1 Mm and a thickness of less than 200 km. Moreover, Peter and Bingert (2012) showed that in a 3D self-consistent magnetohydrodynamic model of the solar corona, the loop width remains constant with height, and profiles of intensities along the loop radius correspond to gaussian ones. The gaussian profile along the loop radius was considered also by Chernov et al. (1994) . Kuznetsov and Kontar (2015) assumed the gaussian function (exp(−r 2 /a 2 ), where r is the loop radius and a = 1 arcsec) describing the electron distribution in the flare loop.
Therefore, in agreement with the above-mentioned articles, we assume that the density inside the magnetic loop at a specific height [h 0 ] has the exponential form
where n em is the density at the loop axis, d is the loop width, and r is the radius across the loop. Moreover, the density in the loop decreases with the height as ≈ exp(−(h − h 0 )/H, where h is the height in the solar atmosphere and H is the scale height. Thus, the density inside the loop can be expressed as
Now, let us calculate the form of a layer with constant plasma density. For the height where this layer is located, we can write
where C is a constant. In a loop with constant magnetic field, from the pressure equilibrium and density variations it follows that the temperature varies, and thus also the scaleheight. However, for simplification in further calculations, we assume that the scale-height [H] inside the loop is constant. Then the derivation of dh/dr is
Using this derivation, the extent of the emission region for which the emission direction is nearly perpendicular to the constant-density profile can be estimated as
where Θ max is the maximum escape angle of the plasma emission according to the Equation 1 (Figure 1 ). Note that the extent is independent of r. An example of the dependance of ∆r
• degrees is shown in Figure 2 .
The emission source is also extended in height. This dimension can be estimated as h s = H(df /f ), where df is the bandwidth of the zebra stripe and f the zebra-stripe frequency.
Estimations of the Brightness Temperature of Zebra Structures
Now, let us estimate the brightness temperature of some observed ZPs. For this purpose we selected three ZPs observed by the Ondřejov radiospectrograph (Jiricka et al., 1993) ; see Figures 3, 4, and 5.
The brightness temperature can be expressed as (Zaitsev and Stepanov, 1983 )
where S is the radio flux in SFU, f GHz is the frequency in GHz, and L 8 (= 2∆r source ) is the dimension of the emission region in units of 10 8 cm. Thus to compute the brightness temperature, we need to determine the source size [∆r source ]. First, using the method presented by Karlický and Yasnov (2015) , we determined the gyro-harmonic numbers s 1 for the observed zebras. Knowing s 1 (see Table 1 ) and considering the scale height as H = 1 Mm (according to the relation (Priest, 2014) for the temperature T = 2 × 10 4 K), we calculated the source size of the observed zebras for two values of 2d (1 and 2 arcsec). All of the computed parameters of the zebra sources together with the brightness temperatures are shown in Table 1 . 
However, in a region with a rapid change of the plasma temperature, the scale height can be shorter. Therefore, let us estimate the brightness temperature using the model by Selhorst, Silva-Válio, and Costa (2008) . For typical densities in ZP sources 5.0× 10 9 cm −3 -3.6× 10 10 cm −3 the model gives heights in the solar atmosphere between 2.84 Mm and 3.27 Mm. Thus, the scale height is H = 0.21 Mm, which is almost five times shorter than that according to the formula of Priest used above. For such a scale height the ZP source parameters are given in Table 2 .
Energy Densities of Electromagnetic and Upper-Hybrid Waves in the ZP Source
Let us consider the zebra observed during the 2 May 1998 event. Knowing the ZP radio flux (650 SFU) and the zebra line frequency width (40 MHz), and computing the ratio of the emission area at 1 AU (corresponding to the emission directivity angle (2.7
• for s = 21, see Figure 1 )), and ZP source area (L 8 × L 8 for four cases according to Tables 1 and 2 ), the energy density of electromagnetic waves in the ZP source is calculated; see the second column in Table 3 .
In the double plasma resonance (DPR) model of ZPs, it is assumed that in the ZP source there are hot electrons with a loss-cone type distribution together with much denser background plasma. The distribution is unstable and generates the upper-hybrid waves that after their transformation produce the observed ZPs.
Therefore, besides the estimation of the energy density of electromagnetic waves, it is highly desirable to estimate the energy density of the upper-hybrid waves in the ZP source. For this purpose we use a 3D particle-in-cell (PIC) relativistic code (Buneman and Storey, 1985 , Matsumoto and Omura, 1993 , Karlický and Bárta, 2008 . Although this code is very useful for such computations, it has its own limitations. Therefore some parameters of the ZP of 2 May 1998 cannot be reproduced in the following PIC computations. For example, there is a problem in making computations with high gyro-harmonic numbers (s > 20 in our case) because it is very difficult to select PIC plasma parameters reproducing resonances with high-harmonic numbers, especially due to the discrete space (grids) in PIC models.
The size of the model is L x ×L y ×L z = λ∆×λ∆×32∆, where ∆ is the grid size and λ is the wavelength of the upper-hybrid wave in resonance in normalized units. We chose a model containing only one wavelength of the upper-hybrid wave to simplify the processing and decrease computing time. The model time step is dt = 1, plasma electron frequency ω pe dt = 0.05, initial magnetic field is in z-direction, electron-cyclotron frequency is, e.g., ω ce = 0.176 ω pe for the the harmonic number s = 7. The harmonic number is considered in the interval s = 4 -18. We use two groups of electrons: a) cold background electrons with the thermal velocity v tb = 0.03 c (c is the light speed), corresponding to temperature 5.35 MK, and b) hot electrons with the DGH (Dory, Guest, and Harris, 1965) distribution function for j = 1 in the form
where u ⊥ = p ⊥ /m e and u = p /m e are electron velocities and p ⊥ and p are components of the electron momentum perpendicular and parallel to the magnetic field, m e is the electron mass, and v t = 0.2 c is the thermal spread in the velocities of hot electrons. The electron density of cold electrons per cell was taken as n e = 1920 and the ratio of hot and background plasma electrons as n h /n e = 1/8. We also made computations with n h /n e = 1/16 and 1/32 to know the dependence of the saturation energy of the upper-hybrid waves on the density ratio n h /n e . The number of protons is the same as electrons and their temperature is the same as that of cold electrons.
Using this PIC code, the temporal evolution of the energy of the upper-hybrid waves [W UH ], generated by hot electrons, for s = 7 and three values of n h /n e are shown in Figure 6 left. As can be seen here, the ratio of the saturated energy of the upper-hybrid waves to the kinetic energy of hot electrons is in all three cases the same (W UH = 8 × 10
−3 E h,kin ). This means that the saturated energy of the upper-hybrid waves is proportional to the n h /n e ratio because E h,kin depends on n h . The saturated energy of the upper-hybrid waves also depends on s as shown in Figure 6 right. The computed values can be well fitted by the exponential fit. Therefore, for the 2 May 1998 zebra that was analyzed, where s = 21, we use this exponential fit, which gives the value of the saturated energy of the upper-hybrid waves as W UH = 1.6× 10 −3 E h,kin , where E h,kin is the kinetic energy of hot electrons. Now, for the following estimations, let us derive the minimum value of the parameter n h /n e . For this purpose we used the analytical expression for the growth rate of the upper-hybrid waves as derived by Thejappa (1991) 
This growth rate agrees with that in our PIC simulations. To generate the upperhybrid waves this growth rate needs to be greater than the damping of these waves by collisions,
where T e is the background plasma temperature. Thus, when we put γ UH equal to γ c , then for the mean ZP frequency (1.45 GHz and corresponding plasma density n e = 2.6 × 10 16 m −3 ) and for T e in the ZP source as 2 × 10 4 K (at bottom of the transition region), the minimal ratio of n h /n e is 4.93 × 10 −4 . Now, if we take the density of the hot electrons in the ZP source as equal to the minimum density n h = 2.6 × 10 16 × 4.93 × 10 −4 = 1.28 × 10 13 m −3
and utilizing the extrapolated value of the saturated energy of the upper-hybrid waves for s = 21 and the linear dependance of the saturated energy of the upperhybrid waves on n h , found in the PIC simulations, then the minimum energy density of the upper-hybrid waves W UH,min is calculated; see the third column in Table 3 . Then, if we assume that the energy density of the upper-hybrid waves in the ZP source from 2 May 1998 is the same as W UH,min , then we can calculate the parameter expressing the efficiency of transformation of the upper-hybrid waves into electromagnetic ones; see the last column in Table 3 . However, the ratio n h /n e in real conditions needs to be greater than its minimum value, and therefore ǫ in real conditions should be lower. On the other hand, values of the parameter ǫ would be greater if we considered the absorption of the electromagnetic waves near the ZP source.
Discussion and Conclusions
The closeness of the emission frequency of decimetric zebras to the plasma frequency determines a narrow directivity of the ZP emission. For the exponential density profile across the flaring loop, it gives a small area of such emission and thus high brightness temperatures. We considered two variants of the density dependance on height, i.e., two values of the scale height: 1 Mm according to the formula of Priest (2014) and 0.21 Mm for the transition region (Selhorst, Silva-Válio, and Costa, 2008) , and two values for the loop width (1 and 2 arcseconds). In all cases high brightness temperatures were obtained. For the higher value of the density scale height the brightness temperature was estimated as 1.1 × 10 15 -1.3 × 10 17 K, and for the lower value it was estimated as 4.7 × 10 13 -5.6 × 10 15 . As shown in the Introduction, previous estimations of the ZP brightness temperature were noticeably lower (from 2 × 10 7 to 10 13 K). The high brightness temperature found here together with short duration of zebras and their frequent strong polarization can only be explained as generated by the coherent emission mechanism. Namely, in the non-coherent emission mechanism, the brightness temperature cannot be higher than 10 12 K, which is given by the Compton limit. The mechanism of the coherent emission of the plasma waves (including the upper-hybrid waves considered here) is described in detail, e.g. by Fleishman and Mel'nikov (1998) . Here, we only mention that for the processes described in the present article an anisotropic distribution of superthermal electrons is necessary. As shown by Yasnov and Karlický (2015) the most probable location of the zebra generation is the transition region in the solar atmosphere of active regions. In the transition region the temperature as well as the pressure changes rapidly, and thus the magnetic fields fan out to form funnels; see, e.g. Wiegelmann, Thalmann, and Solanki (2014) . In such magnetic field funnels superthermal electrons with momentum perpendicular to the magnetic field are more numerous than those with parallel momentum. The consequence is that in this spatially small region the high level of anisotropy of the superthermal electrons is easily reached, and thus the upper-hybrid waves are generated there (Benáček, Karlický, and Yasnov, 2017) .
Note that these brightness temperatures are close to the brightness temperatures of decimetric spikes (Benz, 1986) , which indicates that energies of electrons in the two types of bursts are similar. Because the emission frequency is close to the plasma frequency, the emission absorption can be high and thus the brightness temperature can be even higher.
Observed sizes of ZP sources can be larger than those assumed here because they are enlarged by the scattering of the emission on density fluctuations in the corona (Bastian, 1994) .
We found a lower brightness temperature for a shorter scale height. It is indicated independently in findings presented by Yasnov and Karlický (2015) , Karlický and Yasnov (2015) and Yasnov, Karlický, and Stupishin (2016) that the observational probability of a burst with zebras, which is generated in the transition region with a steep density gradient, is generally greater than the burst generated in the region with smoother changes of the plasma density. This is caused by an enlargement of the visible emission area in the atmosphere with the high density gradient.
Note that sometimes ZPs appear on the radio spectrum of a Type IV (continuum) burst irregularly or quasi-periodically (on timescales of seconds). It can be explained by small irregular or quasi-periodic motions of the flare loop in the case when the ZP source area is sufficiently small. Then the narrow cone of the emission directivity is oriented toward an observer and the zebra is observed, or vice versa.
Numerical simulations with the 3D particle-in-cell model having hot electrons described by the DGH distribution function show that firstly the energy density of the upper-hybrid waves exponentially grows with the linear growth rate and then it is saturated. We found that the saturation energy of the upper-hybrid waves is proportional to the ratio n h /n e . This dependance enabled us to calculate the saturation energy of the upper-hybrid waves for much smaller ratios of n h /n e . The saturation energy of the upper-hybrid waves also depends on the gyroharmonic number s. For s = 7 − 18 we found that the computed saturated energies can be well fitted by a exponential function. This fit enables us to find the saturated energy of the upper-hybrid waves for the analyzed 2 May 1998 zebra with s = 21 as about W UH = 1.6 × 10
−3 E h,kin . The upper-hybrid waves are generated when the growth rate exceeds the damping of these waves by collisions. For the zebra observed during the 2 May 1998 event this condition is fulfilled if the ratio of hot and cold electrons n h /n e is greater than 4.93 × 10 −4 . Using this value we computed the minimum energy density of the upper-hybrid waves in ZP source (W UH,min = 4.40 × 10 −5 J m −3 ) and the transformation efficiency of the upper-hybrid waves into electromagnetic ones (ǫ = 2.54 × 10 −6 -8.86 × 10 −4 ).
The transformation efficiency strongly depends on plasma parameters in the radio source such as plasma turbulence, levels of low-frequency plasma waves (e.g. the ion-sound waves), and density gradients (Melrose, 1985) . Unfortunately, most of these parameters in ZP sources are not known, and moreover the theory of wave conversions is not fully established, especially in the non-linear regime. For example, Melrose (1985) presents this efficiency in the very broad range from 10 −10 for the scattering on the thermal ions to 10 −4 for the small-scale density inhomogeneities (10 -10 2 km). Comparing now the transformation efficiency found in the present article with those shown by Melrose (1985) , we think that in the zebra source there are small-scale density inhomogeneities.
